etection of incidental intracranial aneurysms (IAs) seems to be rising because of the increased accessibility and evolution of imaging techniques. 21, 31 The prevalence of IAs in a middle-aged population is 3%. 40 Many hypotheses about the acquired risk factors and the hemodynamic stress responsible for triggering their formation and evolution have been proposed but have not been unanimously accepted.
leading to aneurysm formation has yet to be discovered. 35 Familial aneurysms are usually detected at specific locations for each family, which assumes a focal pathological process. 26 The interactions among organ development, angiogenesis, cell-matrix adhesion, and inflammatory or hemodynamic response in this process are as yet unknown. However, in patients with sporadic aneurysms, the effect of specific anatomical variations within the circle of Willis (CW) on the formation of IA has been well established. 2, [6] [7] [8] 16 The purpose of this study was to investigate specific anatomical variations within the anterior communicating artery (ACoA) complex that may be significantly associated with the presence of IAs. For this purpose we compared anatomical and structural characteristics of the ACoA complex, such as asymmetry and angle measurement, in 3 groups: patients with a familial ACoA aneurysm (FACAA), patients with a sporadic ACoA aneurysm (SACAA), and healthy first-degree relatives (HFDRs) of FACAA patients.
Methods

Study Population
Between April 2013 and June 2015, we prospectively included in our study 68 patients from multiple centers. These patients were divided into 3 groups: 1) patients with an aneurysm occurring within the ACoA or the A 1 -A 2 junction and at least 1 first-degree relative harboring an IA, i.e., familial (FACAA); 2) first-degree relatives belonging to the same generation as the FACAA patients and having no aneurysm (HFDR); and 3) patients with an aneurysm within the ACoA or A 1 -A 2 junction without a first-degree relative harboring an IA, i.e., sporadic (SACAA).
We used the following inclusion criteria: 1) all patients had to be age 20 or older; 2) patients with FACAA and SACAA had to have a saccular bifurcation IA in the ACoA and a measured major axis of at least 2 mm; and 3) FACAA patients and their HFDRs had to have at least 2 first-degree relatives (including the FACAA patient) suffering from an IA.
We excluded patients suffering from syndromic diseases known to have IA occurring therein: Marfan syndrome, Type II or IV Ehlers-Danlos syndrome, autosomal dominant polycystic kidney disease, and moyamoya syndrome. Dissecting aneurysms, mycotic aneurysms, or aneurysms associated with arteriovenous malformation were likewise excluded from the study.
Patients with SACAAs were included in the study in the order in which they were admitted to the Diagnostic and Therapeutic Neuroradiology Department of the Nantes University Hospital Center. The recruitment of patients with FACAAs and their HFDRs was performed by the Genetics of Intracranial Aneurysm (GAIA) clinical network in France (Nantes, Angers, Bordeaux, Rennes, Tours, Poitiers, and Créteil). Syndromic disorders and "atypical" IA phenotypes were ruled out by consultation with both a medical geneticist and an experienced interventional neuroradiologist in each recruiting center.
Patient information was gathered on history of smoking, alcohol consumption, and cardiovascular risk factors such as diabetes, high blood pressure, and high cholesterol. Patients were considered hypertensive if they were being treated with an antihypertensive drug or if they had systolic blood pressure of at least 140 mm Hg or diastolic blood pressure of at least 90 mm Hg. Patients were considered diabetic if they were being treated with oral antidiabetic medication or insulin. Patients were considered to have dyslipidemia if they were being treated with a lipidlowering drug or had a history of dyslipidemia.
This project received a favorable ethical rating from the Nantes Health Field Ethics Group (GNEDS) on July 18, 2013. This nonintervention research was approved by the 
3D Model Reconstruction
Each patient's imaging was performed at the coordinating center (Nantes University Hospital Center) using a Siemens AERA 1.5-T machine (Sonata, Siemens). The 3D reconstructions were generated from images belonging to a time-of-flight MR angiography (MRA) sequence having the following parameters: TE 7 msec, TR 24 msec, flip angle 20°, FOV 180 mm, slice thickness 0.7 mm. Patients who were recruited to the study from associated recruiting centers had time-of-flight sequences performed on the University Hospital Center machines, which were deemed to be of sufficient quality to be usable and suitable for required measurements.
All of the images were recorded in DICOM format and transferred to a picture archiving and communication system (PACS) station (Carestream Health). The vascular compartment was isolated by automatic thresholding, and the vascular and aneurysmal contours were reconstructed by means of algorithmic smoothing. The 3D surface model of the aneurysm and the vessels of the anterior complex of the CW could then be manipulated freely within the PACS software. Diameters and angles were measured using the vascular study software from the PACS.
Definition of Morphological Parameters
We bilaterally studied the mean diameter and angles of the vessels within the anterior complex of the CW, including the A 1 and A 2 segments. The A 1 segment begins at the junction of the carotid artery and ends at the junction of the ACoA. The A 2 segment begins at the ACoA junction and ends at the rostrum-genu junction of the corpus callosum.
The A 1 and A 2 segments were automatically reconstructed on a 3D model, making the barycenter of the vessel visible (Figs. 1 and 2). Diameter measurements for the A 1 segment were performed on a cross-section of the vessel at a point equidistant from the carotid artery and A 1 -A 2 junctions (Fig. 3) . The PACS software automatically calculated maximum and minimum diameters. We used this information to calculate mean diameter, which is necessary for assessing the vascular asymmetry coefficient (VAC). The VAC corresponds to the difference between the mean diameters of the right and left segments and is expressed as the highest mean diameter percentage. When the VAC was less than 10%, the A 1 segments were classified as symmetrical. When the VAC was between 10% and 40%, the A 1 segments were classified as asymmetrical. When the VAC was greater than 40%, the A 1 segments were classified as hypoplastic. The A 1 segment was described as "aplastic" when not detectable. This classification scheme and these measurements were based on the report by Kaspera et al. 16 The A 1 -A 2 angle measurements were performed with reconstructions from maximum intensity projection images by using the plane spanning the distal portion of A 1 (from the greatest curvature) through the A 1 -A 2 junction and the proximal portion of A 2 (up to the greatest curvature). The arms of the angle were drawn from the points of greatest curvature along the A 1 and A 2 segments, located on the barycenter of the vessel. The apex of the angle was placed at the A 1 -A 2 junction and on the barycenter of the vessel. When there was aplasia of the A 1 segment, measurements were performed only on the contralateral segment.
We also measured the morphological parameters of the IA, including the major axis, the neck diameter, and its lateralization. The major axis was defined as the widest diameter on a cross-section of the IA, measured from the base of the IA. Lateralization of the IA was classified according to the side on which it grew and in relation to the A 1 -A 2 junction. The A 1 -A 2 angles were studied according to the side where the aneurysm was located. Given the lack of IAs in the HFDR group, we chose the narrower of the 2 angles for the purpose of conducting a comparative analysis of the 3 groups.
All measurements were performed by the same operator (C.L.).
Statistical Analysis
Descriptive analyses made it possible to compare the clinical and demographic characteristics of the 3 groups. Qualitative variables were tested using the chi-square test and Fisher's exact test. Quantitative variables were compared among the 3 groups with the Kruskal-Wallis test. Two-by-two comparisons were performed with the MannWhitney U-test. A Spearman correlation was used to analyze the correlation between 2 quantitative variables. The p < 0.05 threshold was considered significant. Statistical analyses were performed using SPSS software (SPSS Inc.).
Results
A total of 24, 20, and 24 individuals were included from the FACAA, HFDR, and SACAA groups, respectively. Clinical and demographic information is shown in Table 1 . The mean age overall was 53 ± 13 years. There was no difference in age (p = 0.58) or sex ratio (p = 0.22) among the 3 groups. Likewise, we found no significant difference among the 3 groups for cardiovascular risk factors, such as smoking (p = 0.94), diabetes (p = 0.90), and dyslipidemia (p = 0.47).
Morphological characteristics of the aneurysms are shown in Table 2 . The intrinsic characteristics of the IA (e.g., major axis, neck) were similar between the FACAA and SACAA groups. The VAC values were statistically different among the 3 groups (20.5% vs 7.9% vs 14.7% for the FACAA, HFDR, and SACAA groups, respectively; p = 0.045) and favored more frequent asymmetrical formation in the FACAA group. The aneurysm-side A 1 -A 2 angles were also different among the 3 groups. Indeed, these appeared lower in the groups of patients with aneu- Paired comparisons between groups are reported in Table 3 . The VAC was significantly higher in the FACAA group than in the HFDR group (20.5% vs 7.9%, respectively; p = 0.002). Conversely, there was no significant difference in VAC values between the FACAA and SACAA groups (p = 0.17) or the SACAA and HFDR groups (p = 0.15). The A 1 -A 2 angles on the IA side were significantly lower for both IA groups than those in the HFDR group. Indeed, we found this difference between the FACAA and HFDR groups (105.69° vs 121.03°, respectively; p = 0.003) and between the SACAA and HFDR groups (105.11° vs 121.03°, respectively; p = 0.007). The A 1 -A 2 angles on the aneurysm side were not different (p = 0.95) between the FACAA and SACAA groups.
Discussion
Our work shows that anatomical formation of the anterior complex in patients with FACAA was different from that in their HFDRs. It has been previously demonstrated that the geometry of the affected arteries can contribute to the formation of the IA, independent of familial contributions.
2,6-8,12,15,18,39 Specifically, the anatomy of the anterior complex of the CW can create a trend toward the formation of IAs in the ACoA. 16 Indeed, IAs form preferentially at arterial bifurcations and on tight vascular curvatures (having a low radius of curvature). 8 Recent studies investigating the anterior complex of the CW using 3D computed tomography angiography (CTA) models found that the incidence of ACoA IA is linked to A 1 -A 2 angles and the asymmetry between the A 1 segments.
15,18 Kaspera et al. have shown that an A 1 -A 2 angle ≤ 100° and A 1 segment asymmetry > 40% were the main risk factors associated with the development of an ACoA IA. 16 Numerous studies using 3D fluid mechanics models have shown that an increase in the asymmetry of the A 1 segments would cause a significant increase in hemodynamic stress and wall-shear stress at the junction of the A 1 segment and the ACoA. 38, 43 Abnormal wall-shear stress induces an endothelial response mediated by proinflammatory factors, from metalloproteinase activation to smooth muscle cell death to extracellular matrix degradation to vascular remodeling. 14, 19, 28, 29, 32, 41 Our results show that the angle of the A 1 -A 2 segment is narrower in the FACAA group than in the HFDR group; furthermore, the FACAA group also had a higher VAC than the HFDR group. These findings suggest 2 hypotheses. The first is that, for patients with FACAA, the anatomical form of the anterior complex of the CW may be inherited and thus favor the clustering of IA cases within families. For patients in our study, this anatomical form would favor ACoA IA formation. Previous studies have shown cases of identical aneurysm location in members of the same family or in twins. 1, 3, 17, 25, 27 Indeed, the Familial Intracranial Aneurysm (FIA) study reported a high agreement of aneurysm location among IA patients belonging to the same family. 26 These observations may thus suggest that anatomical vulnerability to aneurysm formation is hereditary. The FIA study did not draw conclusions regarding ACoA IAs because this agreement was not observable for ACoA IA location in the FIA study. 26 This hypothesis will be the subject of future work studying the CW in subsequent generations of families with IA.
The second hypothesis suggested by our results is that familial ACoA IA development may have no innate origin. Only hemodynamic factors are responsible for aneurysm development, and the anatomical form of the anterior complex of the CW would not be heritable. Hemodynamic forces would thus have a direct, mechanical effect on ACoA IA formation. Within the same family, ACoA IA formation could be related to other aneurysm locations (e.g., middle cerebral artery, posterior communicating artery, and so forth) that, on the other hand, 
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However, given studies performed at a premature embryonic stage, it has also been suggested that anatomical variations in the CW are genetically determined in humans. 9, 30 Indeed, the frequency of different CW shapes varies according to ethnic group. 10 But at this time, there is no evidence regarding any gene that may be linked with CW shape in humans.
MRA was the testing and measurement tool used for this study. Preexisting data confirm its validity as a tool for screening IAs. Indeed, there is excellent agreement among observers regarding its IA characterization. 20, 27, 42 In our study, experienced interventional neuroradiologists from each center phenotyped the IAs in order to exclusively identify patients with saccular bifurcation IA. The major asset of our study was having access to imaging data for each patient. This allowed us to analyze specific anatomical variations in patients with or without IAs.
Our study focused on IAs of the ACoA, but our strategy could be applied to all other bifurcation IA locations as well. Nonetheless, the clinical interest of our study is to help practitioners recognize the importance of carefully examining the shape of the CW in patients tested for IAs. Monitoring these patients will undoubtedly have to be tailored to whether the CW has any high-risk shape.
Our results suggest that, for patients with FACAA, hemodynamic factors are just as important as heritable factors if there is no link to these latter factors. More fundamentally, for studies of familial IA, the selection of candidate genes or pathways could be oriented toward the different developmental pathways of the CW. We suggest a novel approach to understanding the physiopathology of IAs. We also agree with the conclusions made by Lee et al. in their study of over 200 mirror-like IAs. 22 They showed that the frequency of mirror-like IAs varies depending on the location, with mirror-like IAs being overrepresented among intracavernous IAs, for example. It suggests that different pathophysiological mechanisms may be at the root of the different aneurysm locations. Genome-wide association studies undoubtedly need to focus further on particular IA phenotypes.
Our work entailed certain limitations. To limit irradiation while also considering spatial resolution, we chose MRA for our GAIA protocol for testing familial forms of IA. To maximize comparability among the groups, the MRA images of the SACAA group were also chosen. In any case, most morphological studies of the same type as ours use CTA, whose spatial resolution is apparently better than MRA. This constitutes a limitation more applicable to measurement of the A 1 -A 2 angles than to measurement of the A 1 diameter ratios, which is, by definition, comparative and relative.
We did not observe any significant difference between the anatomical shapes of the anterior complex of the CW for patients in the FACAA or SACAA groups. This could be attributed to a lack of statistical power from the small number of patients. Furthermore, heritability cannot be totally excluded in sporadic cases. Likewise, among the HFDRs, certain individuals with small aneurysms could have been unidentified and thus not properly classified. Moreover, although the HFDR group members did not present with any IAs during the study period, we cannot rule out the possibility of an IA developing later on.
Another limitation was our inclusion of patients with previously formed IA. Consequently, hemodynamic parameters at the start of IA formation may have been slightly different from those measured during the time of the study. At this time, no study has shown how the presence of an IA can influence affected arteries. However, in the FACAA and SACAA groups, there was no correlation between IA size and A 1 -A 2 angle.
The selection of the SACAA and HFDR groups constitutes a limitation of this study. We made an effort to recruit patients with SACAA as they came into our medical center from among the patients listed as having IA.
Conclusions
Our work points out the importance of the anatomical shape of the anterior complex of the CW in ACoA IA formation. In particular, we have shown that, even within the context of familial IA, the angular (A 1 -A 2 ) shapes and asymmetry of the A 1 segments are associated with the presence of ACoA IA. This leads us to raise 2 novel hypotheses: either susceptibility to IA formation is linked to anatomical shape inherited within a given family, or within the particular context of the ACoA, IA formation is not inherited and is mostly induced by hemodynamic constraints. Either hypothesis should be verified by studying larger samples and more IA locations.
